Introduction
============

B-precursor acute lymphoblastic leukemia (B-ALL) is the most common childhood cancer and the leading cause of cancer-related death in children and young adults.[@b1-cin-12-2013-155],[@b2-cin-12-2013-155] B-ALL is curable with chemotherapy in approximately 80% of patients,[@b3-cin-12-2013-155] however not all children and adolescents have, unfortunately, benefitted equally from this progress. Significant health disparities exist between populations in incidence, treatment outcomes, and mortality rates.[@b4-cin-12-2013-155]--[@b7-cin-12-2013-155] Hispanics and Whites (Caucasians) tend to have the highest incidences of B-ALL,[@b4-cin-12-2013-155]--[@b7-cin-12-2013-155] however Hispanics and Blacks (African Americans) tend to have worse outcomes.[@b7-cin-12-2013-155]--[@b10-cin-12-2013-155] The molecular basis of health disparities in B-ALL between populations is unknown. In addition, the causes of treatment failure in the remaining 20% of patients are largely unknown. Therefore, there is an urgent need to identify biomarkers and to eliminate health disparities. Although drug treatment and prevention are clearly the most pressing public health priorities, resolving the genetics of B-ALL and eliminating health disparities are important long-term goals. Across a broad front, technical and analytic advances have now created a reasonably clear strategy that can be used to move towards that goal.

The majority of B-ALL cases harbor recurring structural chromosomal rearrangements which are important initiating events in leukemogenesis.[@b11-cin-12-2013-155] These genetic mechanisms, however, are insufficient to explain the molecular basis of health disparities and the mechanisms underlying resistance to drug treatment. Advances in microarray technologies in recent years have made possible both the classification of pediatric B-ALL and the identification of molecular signatures in B-ALL.[@b12-cin-12-2013-155]--[@b16-cin-12-2013-155] The desire to dissect the genomic architecture of pediatric cancer such as B-ALL and to identify clinically actionable biomarkers has motivated the launch of the National Cancer Institute funded Therapeutically Applicable Research to Generate Effective Treatments (TARGET)[@b17-cin-12-2013-155] initiative and the privately funded Pediatric Cancer Genome Project.[@b18-cin-12-2013-155] With the launch of these two initiatives, opportunities for understanding pediatric cancer are now unprecedented, as advances in genomics are harnessed to obtain robust foundational knowledge about the genomic landscape of the disease in different populations and about the molecular basis of health disparities.

Key to the success of genomic research in improving pediatric oncology care is translation of genomic discoveries into clinical practice. In a clinical setting, responses to medical therapies, such as drugs, are often compared among populations that are divided according to traditional medicine. With continued advances in genomic research, information technology, molecular diagnostic, and other biotechnologies, it is anticipated that pediatric oncology treatment will shift towards a more personalized paradigm of medicine. Realizing this vision requires a clear understanding of the patterns of gene expression variation within and between ethnic populations diagnosed with B-ALL. Such information would be critical for stratifying patients, development of targeted therapies, and realization of personalized medicine.

The primary objective of this study was to determine whether gene expression levels differ significantly between racial/ethnic populations, and to characterize patterns of gene expression variation within and between pediatric patient populations. A secondary but equally important objective was to identify gene regulatory networks and biological pathways that are dysregulated and shared among the pediatric patient populations diagnosed with B-ALL in the U.S.

Material and Methods
====================

Gene expression data
--------------------

Gene expression data generated under the auspices of the National Cancer Institute's TARGET project (<http://www.target.cancer.gov>)[@b17-cin-12-2013-155] was used in our analysis. The samples used for generating gene expression data have been described previously in detail.[@b16-cin-12-2013-155] Here, we provide a brief but detailed description of the characteristics and distribution of the samples used in this study.

The original gene expression data included 207 uniformly treated pediatric B-ALL patients.[@b16-cin-12-2013-155] The samples used to generate gene expression data were cryopreserved pretreatment B-ALL samples obtained from the Children's Oncology Group (COG) P9906 clinical trial for patients with newly diagnosed high risk (HR) B-ALL between March 2000 and April 2003. Patients between the ages of 1--21 were eligible if they met specific combinations of higher white blood cell count and generally older age, though any child with a white blood cell count \>100,000/μL was eligible and thus a more selected group of children who would have been predicted to have higher risk B-ALL were included. Ineligible HR patients included those who expressed the *BCR*/*ABL* fusion gene or who were known to be hypodiploid (DNA index \<0.95) or who were induction failures. All the data was processed using the Affymetrix platform using the Human GeneChip U133Plus 2.0, applying standard Affymetrix protocols. Expression data (average scaled difference values) were processed and normalized using the Affymetrix Microarray Analysis Software (MAS 5.0). The data was filtered out to remove spiked control genes. In addition, subjects without specified ethnicity were removed from the data. The final data matrix consisted of expression profiles of approximately 54,000 probes measured on 198 patient samples. The population distribution of gene expression data was as follows: Whites N = 126, Hispanic N = 51, Blacks N = 13, and Asians N = 8. Information on race/ethnicity was obtained by self-reporting, and therefore does not necessarily represent the genotype, a weakness which we readily acknowledge. However, in this study we used gene expression levels as intermediate phenotypes, meaning that the genes themselves are the variables and the expression levels are the measurements. Although this is an unbalanced design, the samples sizes were adequate to detect differences in expression profiles at *P* \< 0.05 with a power of greater than 95%.[@b19-cin-12-2013-155] The data was transformed to log2 prior to analysis.

Data analysis
-------------

We used a combination of methods for data analysis. As a first step, we partitioned data into four subsets representing the four racial/ethnic populations under study (Whites, Blacks, Hispanics, and Asians). We performed supervised analysis using a *t*-test comparing gene expression levels between ethnic populations (ie, Whites vs. Hispanics, Whites vs. Blacks, Whites vs. Asians, Hispanics vs. blacks, Hispanics vs. Asians, and Asians vs. Blacks) on the partitioned data. The goal of this analysis was to determine whether gene expression levels differ significantly (*P* \< 0.05) between ethnic populations, and to identify significantly differentially expressed genes distinguishing the ethnic populations under study. In addition, because of the significant admixing of the White and Hispanic subpopulations, we combined gene expression data on the two subpopulations and treated them as one population (White-Hispanics) and then performed analysis using a t-test comparing gene expression levels between Blacks and White-Hispanics, and between Asians and White-Hispanics. Permutation test was used to calculate the empirical *P*-values. Empirical *P*-values and those computed using t-test were found to be identical. The false discovery rate (FDR) was used to correct for multiple hypothesis testing.[@b20-cin-12-2013-155] Genes were ranked by *P*-values and the significantly differentially expressed genes were selected. For each comparison of gene expression levels performed between two populations, we used a threshold of *P* \< 0.001 and an FDR of \<1% to select the significantly differentially expressed genes. This was done to ensure uniformity and reliability as well as to ensure that the results are comparable. Because of small sample sizes for some ethnic populations, the data set was not divided into test and validation sets. Instead, out of sample validation, a leave-one-out procedure[@b21-cin-12-2013-155] was used to assess the predictive power of the identified sets of genes in each comparison. To assess variability in gene expression levels in all the four populations, we used analysis of variance (ANOVA)[@b22-cin-12-2013-155] focusing on the differently expressed genes.

To investigate gene expression variability within and between the pediatric patient populations, we used the coefficient of variation (CV). We first sought to examine whether the genes have a similar level of within population variation in different populations. For each gene, we quantified the within-population expression variability by calculating its CV, which is the ratio of the standard deviation of its expression (across individuals within a population) to the mean value.[@b23-cin-12-2013-155],[@b24-cin-12-2013-155] Specifically, the CV for the ith gene measured across patients within the kth population was calculated as CV~ik~ = σ~ik~/μ~ik~, where σ~ik~ and μ~ik~ are the standard deviation and mean expression value, respectively.[@b23-cin-12-2013-155],[@b24-cin-12-2013-155] Although other metrics can be used to quantify the expression variability, the coefficient of variation is known to be one of the most robust and unbiased metrics[@b23-cin-12-2013-155] and has been used for assessing variation in natural human populations.[@b25-cin-12-2013-155]--[@b27-cin-12-2013-155] Our group has successfully used this metric for estimation of sample sizes and statistical power in microarray experiments.[@b19-cin-12-2013-155] A larger CV~ik~ indicates higher expression variability for a particular gene across individuals within a population, while a significant reduction in CV~ik~ indicates that the gene may be dosage sensitive and thus under severe selection pressure to minimize expression variability.

Comparison of gene expression levels between ethnic populations may be criticized because the allocation of individual patients in racially predefined groups imposes a pre-existing structure and may influence the outcome of the genetic study. Furthermore, populations are defined in many (often arbitrary) ways in this case by self-identification. Therefore, we performed unsupervised analysis using hierarchical clustering to characterize the patterns of gene expression profiles. The goal of this analysis was to identify genes and patients with similar expression profiles. We computed the genetic similarity between all possible pairs of genes and between all possible pairs of individual patients using the Pearson correlation coefficients as the distance measure. The genes and samples were then grouped by a hierarchical clustering algorithm using the complete linkage method, as implemented in the GenePattern System,[@b28-cin-12-2013-155] to identify clusters of co-expressed genes and clusters of patients who are most similar to one another. Prior to clustering, the data was normalized, standardized, and centered using the standard procedure.[@b29-cin-12-2013-155]

We used the gene ontology (GO) information[@b30-cin-12-2013-155] to identify functionally related genes among the genes differentially expressed between ethnic populations. The GO Consortium has developed three separate categories (molecular function, biological process, and cellular component) to describe the attributes of gene products. Molecular function defines what a gene product does at the biochemical level without specifying where or when the event actually occurs or its broader context, biological process describes the contribution of the gene product to the biological objective, while the cellular component refers to where in the cell a gene product functions. Because our goal in this study was to gain biological insights about the broader context in which the genes distinguishing the ethnic populations and contributing to both between and within ethnic population variation operate, we considered all the three GO categories.

We performed network and pathway analysis and visualization using the Ingenuity Pathway Analysis (IPA) System ( <http://www.ingenuity.com>).[@b31-cin-12-2013-155] The goal was to identify gene regulatory networks and biological pathways that are shared among ethnic populations. The Human Genome Organization (HUGO) Gene Nomenclature Committee (HGNC) gene identifiers were mapped to networks available in the IPA database and ranked by score. The score indicates the likelihood of the genes in a network being found together by random chance. Using a 99% confidence interval, scores of ≥3 are considered significant. Validation of predicted pathways and identification of other downstream target genes was achieved through the literature and database mining module implemented in the IPA System. The feature allows identification of other genes that are functionally related or interact with input genes.

Results
=======

Differences in gene expression levels between ethnic populations
----------------------------------------------------------------

One of the objectives of this study was to determine whether gene expression levels significantly differ between ethnic populations in pediatric B-ALL patients. Our working hypothesis was that gene expression levels differ significantly between populations. We tested this hypothesis by comparing gene expression levels in each population against another. After correcting for multiple hypothesis testing, we identified 300 highly significantly (*P* \< 10^−3^) differentially expressed genes, and therefore confirming our hypothesis. The estimates of *P*-values including the FDR for all the 300 genes are presented in [Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"}, provided as supplementary data. Also presented in [Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"} are the estimates of *P*-values and FDR based on ANOVA. The results showing mean expression levels for the 300 genes are presented in [Figure 1](#f1-cin-12-2013-155){ref-type="fig"}. Overall, the differences in gene expression levels were generally moderate, ranging from *P* \~ 10^−2^ to *P* \~ 10^−5^ depending on the pair of population compared ([Fig. 1](#f1-cin-12-2013-155){ref-type="fig"}). Predictive modeling using out of sample validation revealed that individual patients could not fall neatly into one of the ethnic populations. Further examination of estimates of *P*-values and mean expression values for differentially expressed genes revealed that most patient individuals could not be classified with 100% certainty into one of the ethnic populations ([Fig. 1](#f1-cin-12-2013-155){ref-type="fig"}). There were significant overlaps in differential gene expression levels between racial/ethnic populations. The overlap in gene expression levels suggests that gene expression in different ethnic populations may be subjected to similar regulatory mechanisms. This pattern of shared variation has important implications for our understanding of population differences and similarities, and it also impacts the critical biomedical issue of patient treatment and classification by race or ethnicity. The results suggest that using race or ethnicity alone as a surrogate for patient classification may not be entirely accurate.

Out of the 300 most significantly differentially expressed genes, the largest differences in gene expression levels were observed between Blacks and Asians (184 genes), and between the Asians and Hispanics (140 genes) ([Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"}). Differences in gene expression levels between Whites and Asians (130 genes) and Blacks and Hispanics (120 genes) were also large ([Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"}). Smaller differences in gene expression levels were found between Whites and Blacks (106 genes) while the smallest differences were between Whites and Hispanics (60 genes) ([Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"}). Among the highly significantly differentially expressed genes identified included the genes *BRD3, PHF6, CRLF2*, and *RNF135* which have been directly implicated in pediatric B-ALL.[@b1-cin-12-2013-155],[@b32-cin-12-2013-155]--[@b34-cin-12-2013-155] Analysis of variance performed on the 300 genes produced 196 significantly differentially expressed genes ([Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"}). The observed small numbers in differentially expressed genes between Blacks and Whites, between Hispanics and Whites, and the overlap in differential gene expression levels could be explained in part by the admixing of the populations under study.[@b35-cin-12-2013-155],[@b36-cin-12-2013-155]

Because of the high admixing of the Hispanic population with populations of European ancestry, and the small number of differentially expressed genes between the two racial/ethnic subpopulations, we combined gene expression data on the two subpopulations. When we compared the combined gene expression data on Whites-Hispanics to gene expression levels in Asians, we identified 133 significantly differentially expressed genes. Repeating the same analysis comparing gene expression on Whites-Hispanics to Blacks produced 111 genes ([Table A](#s1-cin-12-2013-155){ref-type="supplementary-material"}).

These results demonstrate substantial variation in gene expression levels both within and between ethnic populations in B-ALL patients and show that population structure exists in levels of gene expression. Although there have been no systematic studies of gene expression variation within and between ethnic populations in pediatric B-ALL, the differences in gene expression levels between populations found in this study are consistent with literature reports on gene expression variation in human populations.[@b22-cin-12-2013-155]--[@b27-cin-12-2013-155]

Gene expression variation within and between ethnic populations
---------------------------------------------------------------

The second objective of this study was to investigate and characterize the patterns of gene expression variation within and between populations. The rationale is that knowledge of variation in gene expression levels within and between patient populations may be required for stratifying patients and setting ethnicity-specific reference intervals in a clinical setting. We investigated within population variation by computing the CV for individual genes, as explained in the methods section. The results showing the correlation between CV between pairs of populations for the 300 genes are presented in [Figure 2](#f2-cin-12-2013-155){ref-type="fig"}. Gene expression variation between populations was assessed by reciprocal regression on the values of CV from each population using a regression model, which is analogous to computing a correlation between CVs from two populations. CVs for individual genes derived from gene expression data within each ethnic population are presented in [Table B](#s2-cin-12-2013-155){ref-type="supplementary-material"}, provided as supplementary data.

Between White and Hispanic populations, most of the genes exhibit similar levels of within population variability. Pairwise comparison of the coefficients of gene expression variation between all the four populations studied confirmed this trend ([Fig. 2](#f2-cin-12-2013-155){ref-type="fig"}). Gene expression variability between Whites and Blacks, and between Hispanics and Blacks, also tended to be similar ([Fig. 2](#f2-cin-12-2013-155){ref-type="fig"}). The strong correlations in within population expression variation between these populations suggests that either expression variability of most genes is subject to similar levels of constraints in these populations or could partially be explained by the admixing of the populations. The largest differences in within population variation were between Asians and Blacks, Asians and Whites, and between Hispanics and Asians ([Fig. 2](#f2-cin-12-2013-155){ref-type="fig"}). In general, the within population variation was larger than the between population variation. The results found in this study are consistent with literature reports on human populations.[@b23-cin-12-2013-155]--[@b27-cin-12-2013-155] The similarity in patterns of gene expression profiles between Whites and Blacks is consistent with an earlier report which found that between Whites and Yuruba populations, most of the human genes exhibited a similar level of within population variability.[@b25-cin-12-2013-155]--[@b27-cin-12-2013-155] These data suggest that studies seeking to stratify B-ALL patients must consider the within population variation in gene expression and the effects of population structure. In general, the results are in agreement with the neutral theory of evolution, which states that the variation between populations is a positive function of within population variation,[@b37-cin-12-2013-155] suggesting that much of the significant variation between ethnic populations may represent random genetic drift.[@b22-cin-12-2013-155]

The clinical significance of these results is that in searching for clinically actionable biomarkers among a group of differentially expressed genes, it is important to consider the biological variation due to inter-individual variation that are due to a clinically relevant phenotype or response to a particular treatment, rather than race and or ethnicity, which are social constructs. Because gene expression and allelic variation tend to be shared widely among ethnic populations, race is likely to be an inaccurate predictor of response to treatment. It would be far preferable to test directly the responsible alleles in affected individuals.

Functional relationships of identified genes
--------------------------------------------

Identifying differentially expressed genes and assessing variation within and between ethnic populations may provide a limited view of the quantitative details of gene expression variation. The third objective of this study was, therefore, to characterize the global patterns of gene expression profiles in the populations under study to identify genes and patients with similar patterns of expression profiles. To begin to address this problem, we performed pattern recognition analysis using hierarchical clustering in order to group the genes and patients according to similarity in patterns of gene expression profiles. Clustering of all the significantly differentially expressed genes using samples from all the ethnic populations failed to accurately classify genes and patients. This was caused by considerable overlap in patterns of gene expression profiles in populations under study (results not presented).

We therefore performed sequential clustering, clustering two populations at a time using the most highly significantly differentially expressed sets of genes. Interestingly, this analysis identified significantly differentially expressed up and down regulated genes with similar patterns of expression profiles. The results showing patterns of gene expression profiles between the ethnic populations under study are presented in [Figure 3](#f3-cin-12-2013-155){ref-type="fig"} through [Figure 6](#f6-cin-12-2013-155){ref-type="fig"}. [Figure 3](#f3-cin-12-2013-155){ref-type="fig"} shows the patterns of gene expression profiles for Asian and Black populations. The results showing patterns of gene expression for Asians and Whites-Hispanics are presented in [Figure 4](#f4-cin-12-2013-155){ref-type="fig"}. [Figure 5](#f5-cin-12-2013-155){ref-type="fig"} presents the results for Blacks and Whites-Hispanics. The results showing patterns of gene expression profiles between Blacks and Whites are presented in [Figure 6](#f6-cin-12-2013-155){ref-type="fig"}. In all four figures, genes are represented in rows and B-ALL patients in columns. We also identified clusters of genes with similar patterns of gene expression profiles which distinguished one racial/ethnic population from another. However, there was considerable variation and overlap in patterns of gene expression profiles. Most of the variability and differences in patterns of gene expression profiles were among individual patients ([Figs. 3](#f3-cin-12-2013-155){ref-type="fig"}--[6](#f6-cin-12-2013-155){ref-type="fig"}). This demonstrates that genetic variation tends to be shared widely among populations, and that molecular perturbation in different ethnic populations is likely subjected to the same regulatory mechanisms.

The most clearly distinguishable patterns of gene expression profiles were found between Asians and Blacks ([Fig. 3](#f3-cin-12-2013-155){ref-type="fig"}), between Asians and White-Hispanics ([Fig. 4](#f4-cin-12-2013-155){ref-type="fig"}), and between Blacks and Whites-Hispanic ([Fig. 5](#f5-cin-12-2013-155){ref-type="fig"}). However, as expected, there were significant overlaps between the Hispanics and Blacks, Whites and Blacks, and between Whites and Hispanics (results not presented). This was not surprising given the high level of admixture in these populations. For these reasons we did not present the results of clustering based on Whites and Asians and Hispanics and Asians separately, but rather classified Whites and Hispanics as one race/ethnicity against the Asians ([Fig. 4](#f4-cin-12-2013-155){ref-type="fig"}). The significant overlap in patterns of gene expression between and among these racial/ethnic populations demonstrates that race or ethnic populations are not discrete types. The substantial overlap in patterns of gene expression suggests that B-ALL patients may not be accurately stratified or classified strictly on the basis of race or ethnicity alone, and that other criteria such as outcomes may be more useful.

In order to put the observed overlap in patterns of gene expression profiles in context, we examined the literature on human populations. The significant overlap in patterns of gene expression profiles within and between the ethnic populations can be explained in part by the admixing of the populations.[@b35-cin-12-2013-155],[@b36-cin-12-2013-155] Asians have been less influenced by admixture and hence they tend to cluster separately from other ethnic populations.[@b38-cin-12-2013-155] There has been significant gene flow between Whites and Blacks,[@b38-cin-12-2013-155] and several studies have estimated the proportion of White admixture in BLakcs to be approximately 17%, ranging regionally from 12% to 23%.[@b39-cin-12-2013-155] This is consistent with the results in this study ([Fig. 6](#f6-cin-12-2013-155){ref-type="fig"}).

Indeed, with such proportions, admixed patients will tend to exhibit patterns of gene expression profiles that are similar to both ethnic populations ([Fig. 6](#f6-cin-12-2013-155){ref-type="fig"}). The most complex patterns of gene expression profiles were observed between Hispanics and Blacks and between Hispanics and Whites. Although we initially considered Hispanics a separate population, the U.S. Census does not. Hispanics are typically a mix of Native American, White, and African/African American with the relative proportion varying regionally.[@b38-cin-12-2013-155] Southwest Hispanics, who are primarily Mexican-American, appear to be largely White and Native-American; recent admixture estimates are 39% Native American, 58% White and 3% Black.[@b40-cin-12-2013-155] By contrast, East Coast Hispanics are largely Caribbean in origin, and have a greater proportion of African admixture.[@b41-cin-12-2013-155] Therefore, depending on geography, self-identified Hispanics could aggregate genetically with Blacks or with Whites ([Fig. 5](#f5-cin-12-2013-155){ref-type="fig"}), with Native Americans, or form their own cluster. This is consistent with the results in this study. In this study we did not follow regional classification of the Hispanic population. However, the results in [Figures 4](#f4-cin-12-2013-155){ref-type="fig"} and [5](#f5-cin-12-2013-155){ref-type="fig"} clearly show this admixing pattern of the Hispanic population with the Whites. Interestingly, although our investigations used gene expression profiles which are intermediate phenotypes, the results are consistent with findings in an earlier report involving nearly 4000 single-nucleotide polymorphisms (SNPs) mapped to 313 genes.[@b38-cin-12-2013-155],[@b42-cin-12-2013-155] These authors found distinct clusters for Whites, Blacks, and Asian; the Hispanic Americans did not form a separate cluster but were either grouped with Whites or not easily classified. This again is consistent with the results found in this study as well as the rationale of our decision to combine gene expression data on Whites and Hispanics in subsequent analysis.

To ascertain that the identified genes are involved in similar biological processes, molecular functions, and cellular components, we performed GO analysis as described in the methods section. All the 300 genes exhibiting significant differences in expression levels between ethnic populations were subjected to GO analysis. GO analysis revealed that the genes are functionally related and involved in multiple overlapping, but similar, biological processes and cellular components therefore confirming our hypothesis. A summary of functional information based on GO analysis is provided in [Table C](#s3-cin-12-2013-155){ref-type="supplementary-material"} as supplementary material.

Gene network and pathway analysis
---------------------------------

To gain insights into the broader context in which the significantly differentially expressed genes operate, we performed network modeling in order to test whether the genes are overrepresented in the networks and biological pathways. Our working hypothesis was that genes that are significantly differentially expressed between ethnic populations, and exhibiting significant variation in patterns of expression within and between populations, interact with one another, thereby affecting entire network states and biological pathways, and in turn affect the severity of the disease in different ethnic populations. To test this hypothesis we mapped the 89 most highly significantly differentially genes (*P* \< 10^−4^) identified after each comparison between populations onto the networks and pathways as implemented in the IPA. The clinical significance of the identified networks and pathways was evaluated using information on published reports on pediatric B-ALL as explained in subsequent paragraphs in this section.

Network analysis revealed 5 multi-gene networks with IPA scores ranging from 17 to 61. In order to streamline the results and make them amenable to proper interpretation, we consolidated the results of the five networks into one large network by using the merge and design modules as implemented in IPA. The consolidated network enriched for the most highly significantly differentially expressed genes (in red font) between racial/ethnic populations is presented in [Figure 7](#f7-cin-12-2013-155){ref-type="fig"}. We identified many genes with overlapping functions that were interacting in the network ([Fig. 7](#f7-cin-12-2013-155){ref-type="fig"}). It is worth noting that not all the genes differentially expressed between populations are represented in the network because we pruned the network to remove those with spurious interactions as well as those not found to be interacting or functionally related with other genes. This action was taken to ensure the reliability of the identified network. In addition to differentially expressed genes enriching the network, we identified a set of novel genes ([Fig. 7](#f7-cin-12-2013-155){ref-type="fig"}, in black font), which could not be identified through differential expression analysis. The results confirmed our hypothesis that differentially expressed genes between populations are functionally related and interact with each and their downstream targets in gene regulatory networks. The network contained genes involved in many biological processes including cancer, hematological and immunological diseases, molecular transport, neurological, carbohydrate metabolism, lipid metabolism, cell morphology, cell cycle, cellular movement, and tissue development.

Among the genes identified in the consolidated network ([Fig. 7](#f7-cin-12-2013-155){ref-type="fig"}), many genes were implicated in pediatric ALL including *UBC, NOTCH1, FBXW7, PIK3CA, PTEN, KRAS,* and *WT1*. Although the *UBC* did not reach the threshold of differential expression between racial/ethnic populations in this study, the human CDC 34 *UBC* protein has been found to be expressed at 3--4 fold higher level in pediatric T-cells than in pre-B-cell acute lymphoblastic leukemia in two independent patient groups,[@b43-cin-12-2013-155] suggesting that the human *UBC* could serve as a potential therapeutic target. *NOTCH1* signaling has been shown to be responsible for the anti-leukemic effect of histone deacetylases inhibitors (HDACis) in B-ALL cells demonstrating its potential as a therapeutic target.[@b44-cin-12-2013-155] The *FBXW7* gene is a tumor suppressor which encodes a subunit of an ubiquitin protein ligase that targets numerous oncoproteins for proteasomal degradation.[@b45-cin-12-2013-155] Regulation of *FBXW7* in B-ALL is mediated by the miR-27a, which is involved in regulating cell cycle progression.[@b45-cin-12-2013-155]*PTEN* is a tumor suppressor gene which has been shown to reverse *MDM2*-mediated chemotherapy resistance by interacting with *p53* in ALL cells.[@b46-cin-12-2013-155]*PTEN* has also been shown to suppress B-ALL development through downstream regulation of *AKT1*.[@b47-cin-12-2013-155]*WT1* is expressed in majority of ALL.[@b48-cin-12-2013-155] For example, in a study involving 14 B-ALL patients, *WT1* was detected in 12 (86%) patients.[@b48-cin-12-2013-155] In the same study involving 31 T-ALL patients, *WT1* was detected in 21 (74%) of the patients.[@b48-cin-12-2013-155] Interestingly, in patients diagnosed with ALL, *WT1* has been used as a target for the detection of minimal residue diseases (MRD).[@b49-cin-12-2013-155] Other genes implicated in leukemia found to be interacting in the network included *BRD3, TGFB1, MYC,* and *RAS.*[@b2-cin-12-2013-155] In addition, the network contained the *NF1* and *AKT* genes which have also been implicated in pediatric ALL.[@b50-cin-12-2013-155] For example, activation of *AKT* is associated with poor prognosis and chemotherapeutic resistance in pediatric B-ALL.[@b50-cin-12-2013-155]

In silico confirmation using differentially expressed genes and genes implicated in ALL, revealed that the two sets of genes interact with each other in gene regulatory networks ([Fig. 8](#f8-cin-12-2013-155){ref-type="fig"}). Interestingly, the differentially expressed genes were found to interact with the *ARID5B* gene ([Fig. 8](#f8-cin-12-2013-155){ref-type="fig"}) which contains genetic polymorphism associated with B-ALL.[@b51-cin-12-2013-155] The genetic polymorphisms in the *ARID5B* gene have been known to contribute to racial and ethnic disparities in incidence and treatment outcome in B-ALL.[@b52-cin-12-2013-155] The *ARID5B* genetic variants have also been linked to inter-patient variability in the anti-leukemic drug (methotrexate) metabolism.[@b52-cin-12-2013-155] This confirms our hypothesis that genes which are significantly differentially expressed between ethnic populations interact with one another and affect entire network states and biological pathways, and in turn affect the severity of the disease or response to treatment in different ethnic populations. Of particular interest is that these networks and pathways are shared between populations, suggesting that gene regulation is subject to the same constraints in different populations.

To discern the biological meanings of the differentially expressed genes mapped to the networks, we evaluated them using GO information on molecular and cellular function as implemented in the IPA. We identified many genes involved in multiple overlapping functions and multiple biological processes. Out of the 89 most significantly differentially expressed genes evaluated, 24 genes were significantly associated with cellular development (*P* = 1.22E-07--2.52E-03), 23 genes were significantly associated with cellular growth proliferation (*P* = 2.22E-07--2.52E-03), 28 genes were significantly associated with cell death and survival (*P* = 1.39E-06--2.46E-03), 18 genes were significantly associated with cell cycle (*P* = 1.41E-06--2.41E-03), and 13 genes were significantly associated with gene expression (*P* = 1.52E-06--1.76E-03).

To further gain insights on the broader context in which differentially expressed genes and genes contributing to within and between population variation operate, pathway analysis were performed. The pathways were identified by mapping the genes onto Ingenuity pathways as implemented in the IPA System. The results of pathway analysis are presented in [Figure 9](#f9-cin-12-2013-155){ref-type="fig"}. Interestingly, pathway predictions revealed significant overrepresentation of the genes in many canonical pathways. The top five pathways included the *PDGF* (*P* = 1.58E-07), *PI3*/*AKT* (*P* = 2.7E-07), *ERBB2--ERBB3* (*P* = 5.28E-07), and *IL-15* (*P* = 7.95E-07) signaling pathways and the mouse embryonic stem cell pluripotent (*P* = 6.72E-07) ([Fig. 9](#f9-cin-12-2013-155){ref-type="fig"}). Other significant pathways included the role of *JAK1* and *JAK3* in γc cytokines signaling, Oncostatin M signaling, *IL-17A* signaling, and *JAK*/*STAT* signaling ([Fig. 9](#f9-cin-12-2013-155){ref-type="fig"}). To assess the clinical significance of the pathways as potential therapeutic targets in B-ALL, we mined the literature associating these pathways to pediatric B-ALL. Literature findings revealed that all the top five pathways play important roles in leukemogenesis.[@b53-cin-12-2013-155]--[@b58-cin-12-2013-155] The platelet-derived growth factor (*PDGF*) regulates clonal proliferation of malignant pre-B cell lines.[@b53-cin-12-2013-155] The phosphatidylinositiol 3-kinase (*PI3K*) *AKT*, the mammalian target of rapamycin (mTOR) signaling pathway (*PI3K*/*AKT*/*mTOR*) is abnormally activated in childhood acute lymphoblastic leukemia.[@b54-cin-12-2013-155] Most commonly, this abnormal activation occurs as a consequence of constitutive activation of *AKT.*[@b54-cin-12-2013-155] Activation of *AKT* is associated with poor prognosis and chemotherapeutic resistance in pediatric B-ALL,[@b55-cin-12-2013-155] which provides a compelling rationale for therapeutically targeting this pathway, particularly in the 20% of the patient population who are resistant to treatment. The *ERBB2*, also known as *Her2*/*neu,* has been implicated in ALL and is considered a potential therapeutic target.[@b56-cin-12-2013-155] Genetic variants mapped to *IL-15* have been associated with minimal residual disease (MRD).[@b57-cin-12-2013-155] MRD has been integrated into risk stratification[@b58-cin-12-2013-155],[@b59-cin-12-2013-155] and MRD assays provide a direct assessment of early treatment response and are associated with final treatment outcome.[@b60-cin-12-2013-155]--[@b63-cin-12-2013-155] Thus the *IL-15* pathway could serve as a potential therapeutic target for early interventions. In summary, the results confirmed our hypothesis that gene expression differences between ethnic populations are regulated by a wide variety of pathways, and that these pathway are shared among ethnic populations.

Discussion
==========

This study was conducted to determine whether gene expression levels differ between ethnic populations in order to characterize variation in patterns of gene expression profiles, and to identify gene regulatory networks and biological pathways that are dysregulated in different populations (Whites, Hispanics, Blacks, and Asians) diagnosed with B-ALL. To our knowledge this is the first study to compare the gene expression levels and delineate the patterns of gene expression variation within and between ethnic populations in pediatric B-ALL. The analysis revealed moderate but appreciable differences in gene expression levels between populations.

There was, however, considerable overlap in both differential expression levels and patterns of gene expression profiles among the four populations under study. Analysis of patterns of gene expression profiles revealed clusters of co-expressed genes. These clusters were correlated with race and ethnicity, but the correlations were imperfect as variation in patterns of gene expression tended to be distributed in a continuous, overlapping fashion among populations. These results indicate that in some cases, race or ethnicity may provide some insights about the disease state. Nevertheless, the study demonstrates that use of race or ethnicity alone as a surrogate for assessing the molecular basis of health disparities or classifying patients may be inaccurate because of overlap and admixing in the patterns of gene expression.

This study focused on using gene expression data to determine the difference in molecular perturbation between populations. However, it is worth noting that gene expression reflects the disease state and may be influenced by both genetic and non-genetic factors such as environment and socio-economic status. These factors should be taken into account when making decisions at the point of care or attempting to use race and/or ethnicity as a surrogate for stratification of patients or assessing outcomes. There is biological plausibility that the observed inconsistencies in patterns of gene expression profiles are partially attributable to the genetic heterogeneity inherent in B-ALL.[@b11-cin-12-2013-155] Due to the small sample sizes for some ethnic populations, notably Asians and Blacks, we did not stratify B-ALL according to the subtypes to mitigate heterogeneity. It is also conceivable that sampling errors may partially have contributed to the observed outcome.

Studies of gene expression on pediatric B-ALL have been reported.[@b12-cin-12-2013-155]--[@b16-cin-12-2013-155] The main difference between this study and reported studies, is that this study focused on characterizing variation in patterns of gene expression within and between populations. The clinical and translation significance of this study lies in the fact that responses to medical therapies, such as drug treatment, are often compared among populations that are divided according to traditional racial and ethnic groups. Therefore, delineating the patterns of gene expression profiles within and between these traditional racial and ethnic groups would provide insights about the use of race and/or ethnicity as surrogates for patient classification, assessment of treatment outcomes, and as a yardstick for assessing the molecular basis of health disparities. The overlap and shared patterns in gene expression profiles observed in this study have important implications for our understanding of population differences and similarities, and bears on critical biomedical issues including use of race as a surrogate for assessing response to treatment, outcome reporting, and assessing health disparities. For example, as demonstrated in this study, if the patterns of gene expression are similar and shared between populations, use of an individual's race or ethnicity affiliation alone would be potentially a faulty indicator or classifier of the presence or absence of a biomarker related to diagnosis or response to treatment.

Recently, genetic polymorphisms conferring race and ethnic population-specific risk in B-ALL incidence and outcomes were found in the *ARID5B* gene using genome-wide association studies (GWAS).[@b51-cin-12-2013-155],[@b52-cin-12-2013-155] In this study we did not investigate the distribution of genetic variants or alleles among populations. However, pathway analysis including the *ARID5B* gene in network analysis revealed the broader context in which the SNPs in this gene may operate. To the extent that gene expression is regulated by genetic variants and allelic variation tends to be shared widely among populations, these results provide functional bridges between GWAS findings and the disease state. Importantly, the results in this study are consistent with previous studies in human populations that have analyzed both genetic variants and gene expression.[@b64-cin-12-2013-155],[@b65-cin-12-2013-155] Ideally, it would be far preferable to test directly the responsible alleles in affected individuals.[@b42-cin-12-2013-155] Assessment of allelic variation was beyond the scope of this study, but is the hope for future studies as most of the genes and rare variants which contribute to B-ALL remain to be identified. In addition, non-genetic factors such as environmental factors and socio-economic status nearly always have an important and sometimes predominant role in susceptibility and outcomes.[@b6-cin-12-2013-155],[@b7-cin-12-2013-155] With the launch of the TARGET and the Pediatric Cancer Genome Projects,[@b17-cin-12-2013-155],[@b18-cin-12-2013-155] progress is being made in identifying and cataloguing genetic variants and mutations that underlie B-ALL. Rapid development in new technologies, such as clinical sequencing technologies, will provide efficient and far-ranging genetic assays for use at the point of care.

The results of this study show small but appreciable differences in gene expression between the populations under study. However, there are significant limitations to the study which are readily acknowledged, including lack of data on cancer-free controls and clinical information along with small sample sizes for the Asian and Black populations. The use of cancer free-controls would have enabled us to identify population-specific genes. However, addressing that issue would have required having cancer-free controls for each of the four populations under study, which was not feasible. The use of clinical information would have allowed us to assess gene expression using other variables in addition to race/ethnicity, an important strategy given the limitations of race/ethnicity as discussed in this report in the preceding sections. However, clinical information was not available on the data set used in this study. The use of small sample sizes for some populations, particularly the Asians and Blacks, could lead to sampling errors and some of the observed spuriousness in the results. This is an issue beyond the scope of this report, however. Lastly, the use of self-identified race/ethnicity could be prone to errors that could influence the results. Given these acknowledged limitations, we view the results reported in this study as exploratory and should be interpreted conservatively.

In conclusion, the analysis shows that gene expression profiling for the discovery of genetic markers holds great promise for understanding the molecular basis of health disparities in pediatric B-ALL. The analysis reveals that molecular perturbation in B-ALL patients tends to be shared widely, vary significantly, and substantially overlap within and between populations. The data further demonstrates that populations tend to have shared gene regulatory networks and biological pathways. We recommend that because genetic assessment alone will never be a panacea, there is a need to consider both genetic and non-genetic factors in clinical care.

Supplementary Tables
====================

###### 

(Supplementary) Estimates of *P*-values and FDR obtained from comparing gene expression between and among populations for the 300 most highly significantly differentially expressed genes.

###### 

(Supplementary) Estimates of coefficients of variation (CV) for individual populations for the 300 most highly significantly differentially expressed genes between the four populations. Note: CV are expressed as ratios.

###### 

(Supplementary) Results of GO analysis for all the 300 most highly significantly differentially expressed genes between ethnic populations.

The authors wish to thank the University of Mississippi Cancer Institute and the Children's Cancer Center for providing funding support for the project.

**Author Contributions**

Conceived and designed the experiments: CH, GM, LM. Analyzed the data: CH, TK, DR. Wrote the first draft of the manuscript: CH. Contributed to the writing of the manuscript: LY-G, TK, VV, GM, LM, DR. Agree with manuscript results and conclusions: CH, TK, LY-G, VV, GM, LM, DR. All authors were involved and jointly developed the structure and arguments for the paper. Made critical revisions and approved final version CH, TK, LM, GM. All authors reviewed and approved of the final manuscript.

**Competing Interests**

Authors disclose no potential conflicts of interest.

**Disclosures and Ethics**

As a requirement of publication the authors have provided signed confirmation of their compliance with ethical and legal obligations including but not limited to compliance with ICMJE authorship and competing interests guidelines, that the article is neither under consideration for publication nor published elsewhere, of their compliance with legal and ethical guidelines concerning human and animal research participants (if applicable), and that permission has been obtained for reproduction of any copyrighted material. This article was subject to blind, independent, expert peer review. The reviewers reported no competing interests.

![Pair-wise population scatter plot diagram showing the mean expression values on a log2 scale across the 300 genes significantly (*P* \< 0.001) differentially expressed genes between populations.](cin-12-2013-155f1){#f1-cin-12-2013-155}

![Pair-wise population scatter plot diagrams showing the coefficient of variation for expression values on a log2 scale across the 300 genes significantly (*P* \< 0.001) differentially expressed genes between populations.](cin-12-2013-155f2){#f2-cin-12-2013-155}

![Variation in patterns of gene expression profiles between Asians and Blacks in pediatric patient populations. The results were obtained by unsupervised analysis using hierarchical clustering. Genes are represented in rows and patients in columns. Red indicates up regulation and blue indicates down regulation.](cin-12-2013-155f3){#f3-cin-12-2013-155}

![Variation in patterns of gene expression profiles between Asian and White-Hispanic in pediatric patient populations. The results were obtained by unsupervised analysis using clustering. Genes are represented in rows and patients in columns. Significant overlap in patterns of expression within the Hispanic population was observed. Red indicates up regulation and blue indicates down regulation.](cin-12-2013-155f4){#f4-cin-12-2013-155}

![Variation in patterns of gene expression profiles between Blacks and White-Hispanics in pediatric patient populations. The results were obtained by unsupervised analysis using clustering. Genes are represented in rows and patients in columns. By a large measure, Whites clustered separately. Red indicates up regulation and blue indicates down regulation.](cin-12-2013-155f5){#f5-cin-12-2013-155}

![Variation in patterns of gene expression profiles between Blacks and Whites in pediatric patient populations. The results were obtained by unsupervised analysis using clustering. Genes are represented in rows, and patients in columns. Significant admixing in patterns of gene expression observed. Red indicates up regulation and blue indicates down regulation.](cin-12-2013-155f6){#f6-cin-12-2013-155}

![Graphical representation of a consolidated gene regulatory network enriched for genes significantly differentially expressed between ethnic populations (red) and novel functionally related genes (black). Genes in red font represent the significantly differentially expressed genes identified in this study. Genes in black font represent novel genes which are functionally related with differentially expressed genes. Solid lines indicate direct interactions and functional relationships.](cin-12-2013-155f7){#f7-cin-12-2013-155}

![Graphical representation of a consensus gene regulatory network enriched for genes significantly differentially expressed between ethnic populations (red) and genes from the literature that have been implicated B-ALL (blue). Genes in green font represent the significantly differentially expressed genes identified in this study that have been directly implicated in B-ALL. Solid lines indicate direct interactions and functional relationships.](cin-12-2013-155f8){#f8-cin-12-2013-155}

![Graphical representation of the top most highly significant canonical pathways enriched for differentially expressed genes between ethnic populations. The ratio represents the number of genes that map to the canonical pathway relative to (blue) the number of genes in the canonical pathway. The threshold (thin straight vertical orange line) is the *P*-value on a log scale indicating the probability with which a set of genes were correctly assigned to a particular canonical pathway after correcting for multiple hypothesis testing.](cin-12-2013-155f9){#f9-cin-12-2013-155}
